A central challenge in neuroscience is to understand the formation and function of three-dimensional (3D) neuronal networks. In vitro studies have been mainly limited to measurements of small numbers of neurons connected in two dimensions. Here we demonstrate the use of colloids as moveable supports for neuronal growth, maturation, transfection and manipulation, where the colloids serve as guides for the assembly of controlled 3D, millimeter-sized neuronal networks. Process growth can be guided into layered connectivity with a density similar to what is found in vivo. The colloidal superstructures are optically transparent, enabling remote stimulation and recording of neuronal activity using layer-specific expression of light-activated channels and indicator dyes. The modular approach toward in vitro circuit construction provides a stepping stone for applications ranging from basic neuroscience to neuron-based screening of targeted drugs.
The central nervous system is a dense, layered, 3D interconnected network of neuronal cells, in which every neuron makes hundreds to thousands of specific connections with nearby and remote cognate partners 1 . This high connectivity permits the spiking dynamics and throughput that are essential for information processing [2] [3] [4] [5] . However, most studies of neuronal connectivity in vitro have been limited to observations of small numbers of cells in dissociated two-dimensional (2D) cultures or in slice culture [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . To understand the principles of circuit formation and dynamics in native neural tissue, in vitro methods have to be developed that allow control of cell density, connectivity and gene expression in three dimensions, as well as noninvasive recording and stimulation of individual neurons. Existing tissue engineering methods provide limited control and accessibility to the neuronal network [17] [18] [19] [20] [21] [22] , whereas methods involving transfected neurons co-cultured with brain slices allow the study of the formation of connections but rely on slice cultures 23 .
Here we describe a method that makes it possible to grow dissociated cultured neurons on silica beads. The beads provide a growth surface large enough for neuronal cell bodies to adhere and for their processes to grow, mature and produce pre-and post-synaptic specializations. The use of these beads allowed us to move, transfect and culture highly differentiated neurons without disrupting their adhesion and without damaging their delicate processes. Moreover, we took advantage of the spontaneous assembly properties of monodispersed beads 24, 25 to form 3D layered hexagonal arrays containing distinct subsets of neurons in different layers with constrained connectivity between neurons on different beads. We layered beads coated with a chemical attractant on a coverslip to promote axonal growth and orient functional neuronal connections between different bead layers. The use of optically transparent beads allowed us to interrogate network connectivity by optical imaging and to stimulate neurons containing fluorescent indicators and light-activated channels. Overall, the method allowed varied and complex layering of neurons, which can be differentially transfected and can connect functionally in the same layer or in different layers at distinct times.
RESULTS

Beads allow modular assembly of 3D networks
We used silica beads larger than 45 mm in diameter to provide a growth surface large enough for neuronal cell bodies and their processes. We coated the bead surface with poly(L-lysine) (PLL) to enhance cell adhesion and to support neuronal maturation 26, 27 . We collected primary rat hippocampal neurons and cultured them on PLL-coated beads. The beads contained between one and a few neurons and glial cells. We dropped beads either onto coverslips containing conventional 2D neuronal cultures or onto bare coverslips upon which the monodispersed beads 24, 25 assembled spontaneously into 2D ordered arrays (Fig. 1a) .
To illustrate the assembly principle, after 2 days of in vitro culture, we used lentiviral infection to express GFP in one bead culture and tandem dimer Tomato (tdTomato) in another. Once the neurons reached maturity on their respective beads, we carefully moved the beads carrying the cells to small wells with a coarse pipette. The beads settled under gravitational force and spontaneously assembled into 2D hexagonal arrays at the bottom of the wells (Fig. 1b) . Once the first layer was fully packed, we added more beads, which formed a second ordered layer that had the same hexagonal symmetry (Fig. 1c) . Successive addition of beads resulted in construction of a packed 3D assembly (Fig. 1d) .
After the spontaneous assembly of the 3D hexagonal arrays, neuronal processes grew between the beads over the course of 3 weeks in culture to form highly interconnected millimeter-sized networks without the use of conditioned medium or a glial feeder layer (Fig. 2a) . To characterize the assemblies, we acquired confocal microscopy images of the arrays (Fig. 2b and Supplementary Video 1 online). We observed neuronal processes crossing from one bead to the next and observed glial cells in all the bead layers (Fig. 2a) . Despite the small number of glia on each bead, they were sufficient to maintain neuron health and support uniform and robust neuronal process outgrowth throughout the bead layers, including in the deep layers (Fig. 2b,c) . The beads were woven together by the crossing processes and formed stable structures (Fig. 2b) , eliminating the need for exogenous cross-linking agents to hold the arrays together during solution exchange. The void spaces between the beads permitted the necessary medium exchange to maintain healthy growing conditions. The number of cells per bead and the number of neuronal processes were similar in all layers of the array (Fig. 2a) , indicating that cell health is not affected by location within the assembly.
Tuning bead size
By varying both the density of cells during plating and the dimension of the beads, we determined the density of cells per bead and thus the number of cells per unit volume in the arrays. Using the geometry of the assembly depicted in Figure 1c , we estimated the number of cells per unit volume in relation to both bead size and number of cells per bead (Fig. 2c) . For a given volume, a hexagonal compact assembly of 45 mm diameter beads is composed of 19 times more beads than an assembly of 125 mm diameter beads. Under our seeding conditions a surface density of 75,000 cells/cm 2 corresponded to an average of 5 neurons per 45 mm diameter bead and about 35 neurons per 125 mm diameter bead. Therefore the cell density per cubic millimeter in the final assembly was about 2.7 times higher for the 45 mm diameter beads ( Fig. 2d) . Hence, the most effective way to increase cell density, while allowing for a low number of cells per bead, is to use small beads (Fig. 2d) . The upper limit to cell density is dictated by the free volume left by beads and is defined by bead packing order, representing 32% of the total volume for hexagonal compact assembly. We achieved densities of up to 75,000 cells/mm 3 with 45 mm diameter beads, that is, close to the 91,000 cells/mm 3 measured in the mouse brain cortex 28 . The pattern of connectivity between neurons on beads within a 3D hexagonal array was spatially constrained by the 12 equidistant contacts made between each bead and its neighbors: 6 within the plane, 3 in the plane above and 3 in the plane below (Fig. 2a) . For hexagonal ordered assemblies, the density of connection points depends inversely on the bead radius cubed, and the distance between contact points is linearly related to the bead radius. Thus, the neuronal connectivity of the network that forms on these bead arrays is expected to be set by bead size, with smaller beads leading to assemblies with higher connectivity.
Directed growth guides interlayer axodendritic connectivity
We aimed to guide process extension from one population of neurons to another by inserting guiding beads in the assembly. We first coated beads with the attractant signaling molecule cyclic AMP (cAMP), which guides axonal growth 29 . We assembled the coated beads not carrying cells into a single-layer packed array on top of a coverslip supporting a neuronal culture (Fig. 3a) . Axons from neurons that encountered a cAMP-coated bead adhered to the bead and grew upward at a rate of B50 mm/d, extending over the bead surface. This rate of growth showed no obvious dependence on bead size. Because the distance between bead contacts is proportional to bead radius, axons bridged to neighboring beads more quickly on the smaller 45 mm beads. Within 3 d the axons grew over the surface of the 45 mm beads and reached the contact points with as many as three neighboring beads, with each such contact affording an opportunity to extend to the neighboring bead (Fig. 3a) .
The axon-guidance effect of cAMP was strongest in the first 2 d after deposition of the cAMP-coated bead layer. Staining for the neurite marker, Tuj-1 (which stains both axons plus dendrites) and for the axon-specific marker, smi-312, verified that axons grew upward from the neurons and onto the beads. Axons were readily distinguished on the coverslip (layer 1) among all of the neurites ( Fig. 3b-d) . In the first 2 d after adding the cAMP-coated beads, the only processes that grew onto the beads from the neurons on the coverslip were axons (Fig. 3a,e-g ). However, after 7 d in culture, dendrites from the neurons on the coverslip (layer 1) also appeared on the cAMP-coated beads of layer 2 (Fig. 3h-j and Supplementary Video 2 online), indicating a loss of axonal specificity over time. Five days after depositing the cAMP beads, we added a second bead layer (layer 3), which contained neurons expressing GFP ( Fig. 3k and Supplementary Fig. 1 online) . As by this time the cAMP-coated beads were no longer selectively attractive to axons, This could be seen from the reconstruction of confocal z-series images using filament tracing software (Fig. 3l) . Processes from GFP-expressing cells in layer 3 that reached layer 1 were only stained by Tuj-1 ( Fig. 3m-r) , indicating that only the dendrites of layer 3 cells reached the bottom layer. Staining with smi-312s showed that axons from the bottom layer climbed up into the guidance layer (layer 2) to reach the upper-layer (layer 3) GFP neurons (Fig. 3l) . Thus, an intermediate layer of cAMP-coated beads can be used to mediate directional connections between neurons growing in layers above and below during the course of the first week of contact. We observed a similar connectivity pattern on other beads (Supplementary Fig. 2 online) . Although this pattern of connectivity was set up at 7 d, in long-term culture it would likely evolve depending on the influence of activity and other molecular cues.
Functional synaptic connections between neuron layers
We next asked whether the contacts between axons from layer 1 and dendrites from layer 3 constituted functional synapses. The rhod-2 dye loaded into both layers of neurons, enabling us to use confocal Ca 2+ imaging to monitor neuronal activity. We designed this cell layout (Fig. 4a) to selectively stimulate the coverslip neurons with light, while monitoring activity in both layers: layer 1 with LiGluR6 neurons and upper layer 3 with neurons that did not express LiGluR6 but expressed GFP. We activated LiGluR6 by illumination at 390 nm (using a frequency-doubled 780-nm pulsed laser) and turned the activity off by illumination at 543 nm (Fig. 4b) . Illumination with the shorter-wavelength light reliably and repeatedly triggered an influx of Ca 2+ into the LiGluR6-expressing neurons on the coverslip, whereas illumination with the longer visible-wavelength light turned this activity off and resulted in a return to resting Ca 2+ concentrations (Fig. 4c) . Neurons that do not express LiGluR6 but are labeled with MAG-1 are not activated by illumination at 390 nm 32 . Ca 2+ imaging of the GFP layer of neurons on the beads revealed that they too were activated by illumination at 390 nm and deactivated at 543 nm (Fig. 4c) , even though they did not express LiGluR6, indicating the existence of functional synapses between the two layers, with the neurons on the coverslip being presynaptic.
The all-optical approach to stimulating and recording activity enabled us to ask whether the circuit properties are uniform or heterogeneous across an in vitro 3D neuronal array. We found that although neurons on the coverslip responded reliably and similarly to optical stimulation, the GFP-expressing cells on the beads sometimes responded similarly (Fig. 4c) and at other times showed responses that differed in strength from neuron to neuron, even on the same bead (Fig. 4d) . This demonstrated that it is possible to use the all-optical approach of light-gated ion channels and activity indicators to assess the spatial and temporal properties of synaptic transmission in the 3D neuronal arrays. This method provides a dynamic range of detection that can reveal heterogeneities in synaptic strength and therefore, in principle, should make it possible to study how functional connectivity is regulated by the history of chemical, molecular or electrical activity. 
DISCUSSION
In recent years, scientists have used tissue engineering in attempts to create 3D neuronal cultures that emulate the high cell density and connectivity seen in vivo by using two main approaches to biomaterials: polymer gels and solid porous matrices [17] [18] [19] [20] [21] [22] . Polymer gels molded to form tubes have been used successfully to provide 2D growth surfaces for peripheral neurons and to protect their processes from the inflammatory response of surrounding scar tissue 18, 19 . When cast as uniform blocks with cells embedded in them, they have provided supports for 3D cultures of neurospheres (neuronal stem cell aggregates) 22 . Polymer gels have not been applied to isolated primary neurons. Moreover, to create layered 3D cultures from polymer gels would require gel microprinting, and it would be difficult to place cells of different types in desired 3D relations to one another. Although the use of solid porous matrices is attractive because of their rigid mechanical properties 20, 21 , these matrices have limited porosity, and thus they do not allow for deep cell migration within the matrix. This could be overcome by grinding or slicing the matrix into 'unit' modules, but the diversity of size and shape of the particles would be expected to interfere with packing into regular layered arrays. In contrast to other methods, our approach makes it possible to grow dissociated neurons on moveable surfaces that allow for genetic and mechanical manipulation and assembly into ordered 3D networks. We worked with silica beads that are large enough to provide an adhesion surface for neuronal cell bodies, and for growth and differentiation of axons and dendrites. The neurons can be moved by displacing the beads without disrupting cell adhesion or damaging the delicate processes. They can be transfected before transfer either into culture dishes containing conventional 2D neuronal cultures, with which they form contacts, or in such a way that they spontaneously organize into regular ordered 2D layers. Layers can be added in succession to make 3D hexagonal arrays. Some of the layers can contain beads coated with chemical guidance cues that direct process growth to create synaptic layers. Finally, the ability to combine groups of cells that are differentially transfected makes it possible to express light-gated channels exclusively in one layer of neurons and use functional imaging to determine the development of functional connections between the light-activated layer and other neuronal layers. These properties of the colloid method make it possible to do what the earlier methods could not, namely, to build artificial layered networks out of genetically modified cells, under conditions that provide for cell densities that approach those found in the brain, and allowing synaptic connections to be formed and their spatial distribution and strength to be assessed.
Our method should pave the way for studying synapse formation and modification in the context of specific molecular interactions, chemical cues and activity patterns in designed 3D networks. Because the approach is amenable to long-term culture, it affords a unique system for cell-based assays of neurally targeted drugs and could prove useful for developmental studies of interactions between neurons in a controlled environment.
METHODS
Expression constructs.
We replaced the CMV promoter of HIV-CS-CG-SynapsinPr-GFP by a synapsin promoter. We added a multi-cloning site (PstI, XbaI PacI and NotI) between the synapsin promoter and GFP. To obtain tdTomato-expressing lentivirus construction, we removed the gene encoding GFP using the XbaI restriction site and replaced it by a gene encoding tdTomato using the SpeI restriction site we added to the multicloning site present in the pRSETB_tdTomato plasmid.
Neuron culture on silica bead preparation. We sterilized borosilicate glass spheres (MO-SCI Specialty Products) in an ethanol solution overnight, and dried them under vacuum. Then we incubated the beads in a borate buffer solution for 1 h and placed them in PLL solution overnight. We removed hippocampi from embryonic day 18 (E18) rats, treated them with trypsin for 20 min at 37 1C, and then washed and triturated them. For the direct 3D assembly of macroscopic networks, we plated dissociated cells at 75,000 cells/cm 2 on poly(lysine)-coated glass beads and cultured them in neurobasal medium supplemented with 2 mM Glutamax, 2% fetal bovine serum (FBS) and 2% B-27 for the first week, and suppressed FBS for the following weeks to keep glia cell division to a minimum. As a result, the networks had scattered endogenous glial cells (Fig. 2b-c) , which provide local sources of conditioning and support healthy growth for weeks. For guided assembly, we plated at 50,000 cells/cm 2 to keep cell density on each bead to a minimum, kept neurons in FBS-free medium, and supplemented the medium with conditioned medium from 1-week-old hippocampal cultures.
We seeded cells as typical for 2D cultures. We counted dissociated cells in a given volume in a hemacytometer and from this value calculated the total number of cells for the entire volume. We added this volume with a known number of cells to PLL-coated beads close packed in a single layer on a polycarbonate membrane (tissue culture insert). Most of the x-y surface upon which the cells could drop (B85%) was occupied by the beads so that the majority of cells ended up on the beads. We calculated the cell density on the beads based on the total surface area of each bead multiplied by the number of beads.
We transfected the cells using Lipofectamine 2000 (Invitrogen) or by infecting them with lentivirus after 2-15 d after dissociation and analyzed them 2-14 d after infection.
To build the intermediate guidance layer, we physisorbed fluorescently labeled cAMP onto PLL-coated beads. The cAMP was still visible on the beads after 7 d in culture, indicating that it remained adsorbed, even though the selective attraction of axons was lost.
Immunostaining. We purchased antibodies to alpha-tubulin and to GFAP from Chemicon International. We obtained anti-smi-312 and anti-Tuj-1 from Covance.
MAG labeling and illumination protocol. We conjugated MAG-1 to iGluR6(L439C) in hippocampal neurons for optical switching experiments in a procedure based on a previously described method 32 . We diluted the compound to 25 mM in a solution containing 150 mM N-methyl-D-glucamine-HCl (NMDG-HCl), 3 mM KCl, 0.5 mM CaCl 2 , 5 mM MgCl 2 , 10 mM HEPES, 5 mM glucose (pH 7.4), and preactivated it by UV light (365 nm) for 1 min to enhance conjugation by affinity labeling 31 . We incubated a coverslip containing beads in the dark in 200 ml of the labeling solution for 15 min at 37 1C. Then we loaded the cells for 10-15 min with rhod-2 (Molecular Probes) at 5 mM in 20% pluronic acid and washed the slides three times with the extracellular recording solution. After a 15-min recovery
